21 and 17 vs. 17 months, p = 0.004) only among international scoring system (ISS) I patients receiving MPT ± LMWH vs. MP ± LMWH. The group of MPT patients who also received LMWH had a better OS compared to those who did not [45 months, 95% confidence interval (CI) 27.7-62.3, vs. 32 months, 95% CI 26.1-37.9; p = 0.034]. When multivariate analysis was repeated in subgroups, thalidomide was no longer a significant factor (response, PFS) among those receiving LMWH. Conclusion: Addition of LMWH to MPT, in particular in patients with low ISS, suggests additive effects, but the results are limited by the retrospective design of our study.
myeloma cell growth. Prevention or treatment of damage to the skeleton, bone marrow, neurons, kidneys and the coagulation-fibrinolytic system are essential elements of therapy [1, 2] . Identification of multiple targets has led to an expansion in the number of drugs utilized. Immunomodulatory drugs have been shown to improve response rates and prolong survival [1, [3] [4] [5] [6] [7] [8] [9] . Venous thromboembolism (VTE) occurs in 5-25% of patients treated with immunomodulatory drugs and has led to prophylactic use of low-molecular-weight heparins (LMWH) [2] . Heparin is not only an anticoagulant, it also has additional anti-inflammatory and antimetastatic effects [10] [11] [12] . Heparin exerts these activities through adhesion molecules via the inhibition of procoagulant molecules, such as heparanase and protease-activated receptor (PAR-1 and/or CD24), which are expressed by cancer cells [2, [10] [11] [12] [13] [14] [15] [16] . Heparin is a potent inhibitor of heparanase. However, heparanase may neutralize heparin activity [13] . Myeloma cells cause an increase in heparanase expression leading to protease, osteoclastogenesis activation and osteoblastogenesis inhibition [14, 15] . Furthermore, heparanase-mediated syndecan-1 (CD138) shedding has been claimed to be responsible for myeloma progression [15, 16] . The interactions of heparanoids with the microenvironment during cancer dissemination are a continuously evolving field [12] .
Based on these data, we hypothesized that among patients being prescribed melphalan combined with prednisolone (MP)/MP with thalidomide (MPT) and LMWH, in addition to the well-known anticoagulant effects of LMWH, antimyeloma activity may also be possible. To analyze response, progression-free survival (PFS) and overall survival (OS), we pooled study data on VTE and anticoagulation from three trials which compared MP versus MPT.
Patients and Methods
Individual data from 797 patients who were randomized to MP (n = 393) or MPT (n = 404) and published by the GIMEMA (Gruppo Italiano Malattie Ematologiche dell'Adulto), Nordic and Turkish Myeloma Study Groups were included in this retrospective analysis [3, 7, 8] . The other three European trials which compared MPT to MP were not eligible for this analysis because detailed data on LMWH use were not recorded [4] [5] [6] . Myeloma treatment and anticoagulation is summarized in table 1 . Except for the Nordic trial and the early phase of the GIMEMA trial, anticoagulation or aspirin was given routinely to MPT patients. Patients who received LMWH as routine prophylaxis or following a thrombotic event were assigned to the LMWH group. Likewise, patients receiving other anticoagulants or none were grouped together or separately ( tables 1 -7 ; fig. 1 , 2 ) accordingly. Response equal to or more than a partial response was included in the response analysis. The impact of the treatment arm (MPT vs. MP), use of anticoagulation (LMWH vs. others vs. none), use of LMWH (yes vs. no), prognostic factors [gender, age, international scoring system (ISS) and creatinine] were evaluated for effects on response, PFS and OS.
Statistical Analyses
Descriptive statistics were presented as means, standard deviations, medians, minimum/maximum for quantitative variables, and as numbers and percentages for categorical variables. In categorical comparisons, the χ 2 test was used for independent groups and the Monte Carlo simulation for multigroup comparisons which did not meet the χ 2 requirement. Fisher's exact test was used in paired group comparisons. In numerical comparisons, when normal distribution was not provided, the Mann-Whitney U test was used for paired independent groups and the Kruskal-Wallis test for multiple independent groups. Subgroup analysis of multigroup comparisons were performed by Mann-Whitney U test with Bonferroni correction. Logistic regression analysis was used to determine risk factors for response. Survival analysis was performed by Kaplan-Meier analysis. Cox regression analysis was used in the determination of risk factors affecting survival. A backward stepwise model was also used to determine independent risk factors. The statistical level of significance was set at p < 0.05. All statistical analyses were performed using SPSS 15.0 for Windows. 
Results
A total of 797 multiple myeloma patients were included in the three clinical trials ( tables 1 , 2 ). Altogether, 188 patients were treated with LMWH (29 in the MP arm and 159 in the MPT arm). The reason for LMWH administration was prophylaxis in 136 patients (13 in the MP arm and 123 in the MPT arm) and treatment in 52 patients (16 in the MP arm and 36 in the MPT arm). The indications for treatment included VTE, arrhythmia and other cardiac disease. VTE were not reported among the MP patients. One hundred and thirty patients received anticoagulation other than LMWH (59 in the MP arm and 71 in the MPT arm). In the MP group, ISS stage I was more common among patients not treated with LMWH (36.7 vs. 15.4%; p = 0.049) while in the MPT arm ISS stage I was more common among patients treated with LMWH (42.1 vs. 25.1%; p = 0.003; table 2 ). As expected, there were more VTEs in patients given LMWH since patients treated for VTE were included in this group.
Effects of thalidomide and anticoagulation on response, relapse and survival among all patients pooled together are summarized in table 3 . Median follow-up times were 13 (relapse rate) and 24 (survival rate) months. In this study cohort, thalidomide improved response and relapse rates without any significant effect on OS. LMWH In univariate analysis, use of thalidomide (MPT), use of anticoagulation (LMWH) and ISS I were significantly associated with better response and PFS. Lower ISS (p < 0.001) as well as age younger than 65 years (p = 0.001) were associated with improved OS ( table 6 ) . When univariate analysis was repeated within the MPT group, LMWH was found to have a significant impact on OS (OR = 0.720, 95% CI: 0.526-0.985, p = 0.04). In a similar analysis within the MP group, LMWH tended to affect response (OR = 1.961, 95% CI: 0.909-4.229, p = 0.086) but not OS or PFS.
Using logistic regression analysis among all patients (data not shown), only age and ISS were significantly associated with OS. When the population consisted of those not receiving anticoagulation, the treatment arm (MPT) appeared to have an independent association with response and PFS or OS ( table 7 ) . If multivariate analysis was limited to patients receiving LMWH, the only significant independent predictor of OS and PFS was ISS ( table 7 ) .
Discussion
The interaction between cancer cells and coagulation has been known for many years [2, 12, 20, 21] . While cancer cells trigger coagulation and cause an increased inci- dence of VTE, cancer progression is facilitated by blood coagulation. During the last decade, studies (mainly on lung cancer) have shown a survival benefit among patients on LMWH, particularly in those with a good prognosis [21] [22] [23] [24] . It has been claimed that even short courses of treatment may be sufficient to achieve these effects [21] . LMWH exert their activities through antithrombin and membrane-located receptors, such as protease-activated receptors [12, 13] . Using a combination of array comparative genomic hybridization and gene expression profiles, the University of Arkansas Group discovered PAR1 [coagulation factor II (thrombin) receptor or F2R; 5q13.3] expression to be strongly correlated with gains in chromosome 5, a consistent feature of the hyperploid molecular subtype of multiple myeloma [14, [17] [18] [19] .
The antimyeloma effects of thalidomide derive from anticytokine and anti-angiogenic properties. Thalidomide shares a thrombogenic potential with myeloma and thus necessitates frequent use of anticoagulation. Accumulating evidence suggesting anticancer and antimyeloma activities of heparin arising from the interaction between heparins and matrix-related proteins has led to the analysis performed in this study.
Data from three randomized clinical trials comparing MPT with MP were used in this retrospective analysis, which is the first to investigate the role of LMWH in this setting. Previous results indicate antimyeloma effects of LMWH and support our hypothesis that addition of LMWH compared to no anticoagulation or other anticoagulants significantly improved response rates, resulted in a decreased relapse rate (all patients) and improved OS (MPT patients). The best survival was observed when both thalidomide and LMWH were given, with a 5-year survival of 43.3% compared to 32.8% among those who did not receive any of these drugs. When the MP and MPT groups were analyzed separately, addition of LMWH significantly improved OS in the MPT group only, extending median OS from 32 to 45 months (p = 0.034). Subgroup analysis of the MPT patients indicated that the beneficial effect of LMWH treatment was more pronounced in low-risk patients with a significant prolongation of PFS (p = 0.004) and a trend to improvement of OS in ISS I. Furthermore, in Kaplan-Meier analysis, thalidomide and LMWH were found to improve OS (p < 0.001).
A larger proportion of patients in the MPT group received LMWH compared to the MP group, and the indication was prophylaxis in the majority of patients, while in the MP group the indication for LMWH was equally distributed between prophylaxis and treatment. A comparison of the LMWH indication, treatment versus prophylaxis, revealed a response advantage in favor of treatment but did not produce a significant effect on PFS or OS. Thrombosis has been reported to have adverse effects on survival of patients with multiple myeloma [17] . We cannot exclude that the beneficial effect of LMWH on OS that we have observed to some extent may be due to the prevention of VTE-related deaths. Unfortunately, we have not been able to study causes of death in detail.
Long-term results from the thalidomide studies imply that patients with a good prognosis benefit most from thalidomide. In the MRC Myeloma IX trial, the authors concluded that patients possessing good cytogenetic risk with/without ploidy benefit the most from thalidomide maintenance [25, 26] , which is in accordance with the beneficial effects of LMWH found especially in low ISS patients in our study. There seems to be a similarity between biological features of patients who improve their outcome with thalidomide and LMWH.
Conversely, heparin may exert effects through syndecan-1 (CD138), which is highly expressed on myeloma cells and is a proteoglycan containing attachment sites for heparan sulfate [16] . Heparanase, which was shown to be highly expressed by myeloma cells, may cause syndecan-1 shedding and lead to tumor proliferation as well as dissemination. As heparin and heparanase seem to antagonize each other, heparin may mediate a beneficial effect. However, soluble heparin, mainly the unfractionated one, has been shown to displace hepatocyte growth factor from sites such as marrow into the circulation in normal subjects [24] . Thus, there is also a potential that heparin may induce hepatocyte growth factor-mediated myeloma proliferation [27] .
In conclusion, we were able to report, for the first time, better response rates (MP and MPT combined) and prolongation of OS (MPT patients) among patients receiving LMWH. Furthermore, we were able to show that the benefits of thalidomide regarding significant and independent responses and PFS are limited to patients who are not receiving LMWH or other antithrombotic agents. Since significant PFS and OS benefits of LMWH were mostly observed among ISS I patients, the prognostic features of patients who benefit from both thalidomide and LMWH may be similar. However, our results, which are based on retrospective analyses, need to be interpreted cautiously. The lack of prospective trials prevents us from unveiling heparin-mediated interactions among myeloma patients receiving LMWH.
